Recent evidence suggested that nitric oxide (NO) acts as an important factor in a variety of physiological and pathological roles, including reproductive functions. The purpose of the present study was to investigate whether NO might significantly induce any change in steroidogenesis in cultured porcine granulosa cells (PGC). An NO donor, NOC18, significantly suppressed the oestradiol release from basal (unstimulated) and gonadotrophin-stimulated PGC in a 2 h culture. NOC18 also significantly inhibited the aromatase activity of basal and gonadotrophin-stimulated PGC as measured by a modified tritiated water method. However, the cGMP analogue, 8-bromo-cGMP, had no significant effect on the accumulation of oestradiol and progesterone in basal and gonadotrophin-stimulated PGC during 24 h culture. An NO synthase (NOS) inhibitor, N G -monomethyl-L-arginine (LNMMA), significantly stimulated the basal oestradiol release and dose-dependently enhanced the oestradiol and progesterone release from follicle stimulating hormone (FSH)-stimulated PGC in a 24 h culture. However, N G -monomethyl-D-arginine, which does not inhibit NOS, did not enhance the release of oestradiol and progesterone under the same experimental conditions. LNMMA also significantly suppressed the nitrite concentrations in the media as measured by chemiluminescence. These results demonstrate for the first time that NO inhibits oestradiol secretion independent of cGMP by inhibiting P450 aromatase activity in moderately mature PGC. Key words: aromatase activity/nitric oxide/nitric oxide synthase/porcine granulosa cells/steroidogenesis Introduction stimulates the release of insulin from pancreatic β cells (Schmidt et al., 1992) . Nitric oxide (NO), the free radical gas, has been recently Recently, it has been shown that NO may regulate some implicated in a variety of physiological and pathological ovarian functions. The ovarian NO/NOS system seems to processes. NO is synthesized from the guanidino nitrogen be necessary for pre-ovulatory follicular expansion due of L-arginine by the catalytic action of NO synthase (NOS) to a good correlation between follicular nitrate/nitrite (Moncada et al., 1991) . At least two distinct types of concentration and follicular fluid volume (Anteby et al., NOS have been identified: a constitutive, Ca 2ϩ /calmodulin-1996), and necessary for follicle rupture during ovulation dependent form (cNOS) and an inducible, Ca 2ϩ /calmodulinbecause NOS inhibitors suppress human chorionic gonadotroindependent form (iNOS) (Moncada et al., 1991) . Endothephin (HCG)-induced ovulation (Shukovski and Tsafriri, lium-derived relaxing factor (EDRF) which was first dis-1994). Ellman et al. (1993) have demonstrated that NO covered by Furchgott and Zawadeski (1980) as the relaxation plays a role in interleukin (IL)-1-induced remodelling events substance of blood vessels, is now believed to be NO associated with ovulation in primary cultures of dispersed (Ignarro et al., 1987; Palmer et al., 1987) . NO is produced rat ovarian cells. Moreover, another report has shown that in a number of cells and tissues, and is recognized as NO suppresses apoptosis in cultured pre-ovulatory ovarian playing an important role in different systems, including the follicles . As for ovarian steroidogenesis, central nervous system, immune system, platelets (Moncada there is only one report that NO inhibits steroidogenesis in et al., 1991), kidney (Lahera et al., 1990) , and gastrointestinal human granulosa-luteal cells as an autocrine regulator (Van system (Stark and Szurszewski, 1992) . Recent studies have Voorhis et al., 1994) . However, the effect of NO on also shown that an increase in NO formation may decrease steroidogenesis in porcine granulosa cells (PGC) during hormone secretion by some endocrine organs. NO inhibits folliculogenesis remains unknown. the release of vasopressin, oxytocin (Kadowaki et al., 1994) The present study was undertaken to investigate whether and growth hormone (Kato, 1992) from the pituitary, and the NO/NOS system would significantly induce any change NO decreases Leydig cell testosterone production (Welsh in the parameters of steroidogenesis, and to examine whether et al., 1995). It has been reported that NO synthesized by gonadotrophin would modify this effect of NO on the iNOS decreases insulin secretion from pancreatic islets hormone release in cultured PGC collected from moderately mature follicles. (Welsh et al., 1991) 
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Materials and methods
medium to yield a concentration of 20.5 nM. NOC18 (0.01-1.0 mM) was added to this medium and incubated for 2 h with or without Drug and reagents FSH (200 ng/ml) or HCG (5 IU/ml). After that, 0.9 ml of culture Dulbecco's modified Eagle's medium (DMEM), porcine follicle medium (from a total of 1 ml) was removed and mixed with 0.45 ml stimulating hormone (FSH), 8-bromo-cGMP, and human albumin of 20% trichloroacetic acid (TCA) and 0.45 ml of 5% charcoal fraction V were purchased from Sigma Chemical Co. (St Louis, MO, suspension. The mixture was vortexed several times over a 30 min USA); Dulbecco's phosphate-buffered saline (D-PBS), fetal calf period, centrifuged for 30 min at 1600 g and the supernatant was serum (FCS) and antibiotic antimycotic solution containing 10 000 removed and filtered. Radioactivity was then measured using a liquid IU/ml penicillin G, 10 mg/ml streptomycin, and 25 µg/ml amphotericin scintillation counter (tri-cab 1900; Packard, CT, USA vessel contained 5 ml of 1% potassium iodide in 13.93 N acetic acid. PGC were collected and cultured as previously described (Kamada The reduced nitrite present in the samples was carried by the flow of et al., 1992) . Briefly, ovaries were obtained from 4-6 month old N 2 from the reaction chamber to the NO analyser. The analyser was Yorkshire pigs at a local slaughterhouse. PGC were immediately interfaced with a recording integrator (Hewlett-Packard model 3390A) isolated from medium-sized (3-5 mm) follicles by the needle aspirafrom which a standard curve was calculated by injecting 100 µl of a tion method. The cells were rinsed twice with serum-free DMEM, standard nitrite solution. All measurements were performed at least and then suspended in DMEM containing 10% FCS and 1% antibiotic in duplicate. antimycotic solution. The number of granulosa cells was counted with a haemocytometer and the viable cells were assessed by the dye Determination of cell proliferation exclusion method using 0.4% Trypan Blue. Cells were seeded into After 5ϫ10 4 viable cells were preincubated in each well of 96-well 24-well culture plates at a density of 5ϫ10 5 viable cells/well and culture plates for 48 h, the cells were incubated with LNMMA or preincubated for 48 h at 37°C in a humidified 95% air/5% CO 2 DNMMA in serum-free DMEM for 24 h. The viable cell number of incubator.
PGC was measured using a commercial cell counting kit (WST-1 On the day of the experiment, the medium was changed and the assay; Dojindo Laboratories), one of the calorimetric proliferation cells were incubated with NOC18 (0.01-1.0 mM), one of the NO assays (Ishiyama et al., 1993) . donors (Hrabie et al., 1993) , either alone or in the presence of FSH (200 ng/ml) or HCG (5 IU/ml) in serum-free DMEM containing ∆ 4 -Immunocytochemistry androstenedione (10 Ϫ6 M) for 2 h. One mole of NOC18 can release 2 moles of NO with a half-life of~20 h (Keefer et al., 1996) . PGC, isolated as described above, were cultured on glass coverslips To test the effect of cGMP on steroidogenesis, 8-bromo-cGMP (0.01-for 48 h, then fixed in 70% cold ethanol for 30 min. The cells were 1.0 mM), an analogue of cGMP, either alone or in the presence of immunostained with an avidin-biotin-peroxidase (ABC) kit (Vector FSH (200 ng/ml) or HCG (5 IU/ml) was added to serum-free medium Laboratories, Burlingame, CA, USA). Briefly, the cells were sequenfor 24 h. Furthermore, LNMMA (0.01-1.0 mM), a competitive tially exposed to normal goat serum (~1:60 dilution) for 20 min, then blocker of NOS, or DNMMA, the stereoisomer of LNMMA, was to rabbit endothelial NOS (eNOS) antiserum, inducible NOS (iNOS) added to serum-free medium with or without FSH (200 ng/ml) or antiserum (diluted 1:1000 in PBS) or normal rabbit serum (Dako HCG (5 IU/ml) for 24 h. At the end of the culture period, the medium A/S, Glostrup, Denmark) at the same dilution for 18 h, and they was collected and frozen at -20°C until assayed for oestradiol, were exposed to biotinylated goat anti-rabbit immunoglobulin (Ig)G progesterone and nitrite. Second Department of Internal Medicine, Tokyo Medical and Dental University (Tsujino et al., 1994) . The cells were then incubated for Measurements of oestradiol and progesterone 60 min in ABC solution prepared by adding avidin DH and biotinylated peroxidase to dilution buffer. Peroxidase activity was visualized by Oestradiol and progesterone concentrations in the media were measincubation with 3,3Ј-diaminobenzidine tetrahydrochloride and 0.03% ured by chemiluminescence enzyme immunoassay (Johnson and H 2 O 2 in 0.1 M Tris-HCl (pH 7.2). Johnson Clinical Diagnostics Ltd., Amersham, UK). The intra-and interassay coefficients of variation in both the assay kits did not exceed 10%.
Statistical analysis
This was carried out by post-hoc testing (analysis of variance) with P450 aromatase assay P Ͻ0.05 being considered statistically significant. All experiments were repeated at least three times to ensure reproducibility of the Cytochrome P450 aromatase activity was measured using a modification of a tritiated water production assay (Suzuki et al., 1994) . To results, and data are expressed as the mean Ϯ SD of groups consisting of six or 10 wells. The results of one representative experiment are initiate the assay, [1βϪ,-3 H]-androstenedione (899.1 GBq/mmol) (New England Nuclear, Boston, MA, USA) was added to the culture reported in each figure. Data were analysed using StatView ® (Abacus 
Results
Effect of NOC18 on steroidogenesis and on P450 aromatase activity in PGC NOC18 (0.1-1.0 mM), the new NO donor, significantly (P Ͻ0.01-0.001) decreased basal oestradiol release by 27.1 Ϯ 4.8% at 1 mM concentration from moderately mature PGC ( Figure 1a ) after 2 h in culture. NOC18 also suppressed the oestradiol release from FSH-stimulated PGC (49.5 Ϯ 5.1% at 1 mM; Figure 1a) , and HCG-stimulated PGC (19.0 Ϯ 2.7% at 1 mM; Figure 1a ). In contrast, NOC18 did not significantly change the basal and gonadotrophin-stimulated progesterone release from PGC ( Figure 1b) . Cell viability and number were not affected by NOC18 in basal and gonadotrophin-stimulated PGC during 2 h culture. As shown in Figure 2a , NOC18 (0.1-1.0 mM) significantly (P Ͻ0.01-0.001) inhibited aromatase activity by 58.6 Ϯ 12.1% at 1 mM in moderately mature PGC. NOC18 (0.1-1.0 mM) also suppressed aromatase activity of FSH-stimulated PGC by 73.9 Ϯ 3.8% at 1 mM (Figure 2b) , and HCG-stimulated PGC by 69.5 Ϯ 3.6% at 1 mM (Figure 2c ).
Effect of 8-bromo-cGMP on steroidogenesis in PGC
8-bromo-cGMP (0.01-1.0 mM), an analogue of cGMP, had no significant effect on oestradiol (Figure 3a ) and progesterone also significantly (P Ͻ0.001) enhanced progesterone release 47.2 Ϯ 5.5% at 1 mM from FSH-and HCG-stimulated PGC respectively, during 24 h culture ( Figure 6 ). by 49.8 Ϯ 28.0% at 1 mM (Figure 4b ). In the presence of FSH, LNMMA dose-dependently stimulated the release of LNMMA did not affect the cell number or viability of either basal or gonadotrophin-stimulated PGC during 24 h culture oestradiol and progesterone from PGC by 88.2 Ϯ 31.5% (Figure 4a ) and 186.7 Ϯ 30.0% (Figure 4b ) at 1 mM respect-(results not shown). Neither did DNMMA have a significant effect on the cell number or viability of basal and gonadoively. LNMMA (1 mM) also significantly (P Ͻ0.01) enhanced progesterone release by 60.7 Ϯ 21.4% from HCG-stimulated trophin-stimulated PGC (results not shown). PGC (Figure 4b ), but did not significantly change oestradiol Location of NO synthase release (Figure 4a) . DNMMA, the inactive stereoisomeric analogue of LNMMA, had no effect on the release of oestradiol
We studied the immunocytochemical localization of NOS-like protein in cultured PGC. As shown in Figure 7 , both eNOS ( Figure 5a ) and progesterone (Figure 5b ) from either basal or gonadotrophin-stimulated PGC under the same experimental and iNOS-like immunoreactivities were localized in the cytoplasm of PGC, whereas no immunoreactivity was seen in the conditions. In addition, LNMMA (0.01-1.0 mM) significantly (P Ͻ0.001) decreased nitrite production by 52.9 Ϯ 8.3% and control (using normal rabbit serum). stereospecific NOS inhibitor, enhanced the basal secretion of oestradiol and progesterone by cultured PGC. The present study also showed that LNMMA exhibited a dose-dependent increase in the FSH-stimulated oestradiol and progesterone release or HCG-stimulated progesterone release from PGC. However, DNMMA, the inactive stereoisomer, had no effect on the release of oestradiol and progesterone from either basal or gonadotrophin-stimulated PGC, and both drugs had no significant effect on the cell proliferation as measured by the WST-1 assay. These data strongly suggest that the differentiation of cultured PGC stimulated by gonadotrophin is enhanced by an NOS inhibitor, and thus suppressed by NO. Since the measurement of unstable free NO radical is difficult, one of the end products of NO metabolism, nitrite, is widely used as an indicator of NO production and NOS activity. Anteby et al. (1996) measured follicular nitrate/nitrite concentrations in women undergoing IVF. We have also demonstrated that nitrite is detected in the culture medium of PGC and in porcine follicular fluid (data not shown), indicating that PGC may produce NO. Furthermore, the finding that NO is known to affect iron-containing enzymes. For example, NO induces its action by binding to the haeme Discussion prosthetic group of soluble guanylate cyclase (Ignarro, 1990) . Moreover NO can directly inhibit activity of the Krebs cycle The present study has demonstrated that NO may inhibit PGC enzyme aconitase in the rat pancreatic islets (Welsh et al., steroidogenesis as a local factor, because an NO donor, NOC18, 1991) and cytochrome P450-mediated O-dealkylase activity significantly decreased oestradiol release from PGC obtained in rat hepatic microsomal subfractions . from medium-sized follicles in either the absence or presence
Since the cytochrome P450 steroidogenic enzymes also contain of gonadotrophin stimulation. A previous study has also iron-haeme centres (Guengerich, 1989) , we investigated the reported that NO affected ovarian function and inhibited modulatory role of NO in PGC steroidogenesis. Our data oestradiol release from granulosa-luteal cells obtained from revealed that an NO donor, NOC18, decreased oestradiol women undergoing in-vitro fertilization (IVF) procedures (Van release from PGC and suppressed the activity of cytochrome Voorhis et al., 1994) . Our findings in PGC are in line with the results from human granulosa cells. In addition, LNMMA, a P450 aromatase, an enzyme necessary for oestradiol produc- tion. Therefore, we suggest that NO inhibits P450 aromatase terone release from PGC, LNMMA significantly affected that in the present study. Discrepancies between the progesterone activity in PGC via the formation of an iron-nitrosyl complex, similar to that reported by Van Voorhuis et al. (1994) in release induced by NOC18 and by LNMMA may be explained in part by differences in the incubation time and in bioactive humans. Although NOC18 had no significant effects on proges-mechanisms of these two agents to PGC. In addition, Del Punta iNOS expression by immunoprecipitation (Ellman et al., 1993) . Another report suggested that the ovarian NO/NOS system et al. (1995) reported that NO donors inhibited progesterone synthesis in MA-10 Leydig tumour cells. This evidence sugwas necessary for the rupture of the follicle during ovulation because aminoguanidine, an inhibitor of iNOS, suppressed gests that the NO/NOS system also decreases progesterone secretion from PGC. NO may inhibit the conversion of HCG-induced ovulation in the rat (Shukovski and Tsafriri, 1994) . Therefore, it is likely that NO production by iNOS is cholesterol to pregnenolone and then progesterone secretion, possibly by binding to the iron-haeme centre of the cytochrome important in ovarian function. As macrophages are present in isolates of PGC, IL-1 β produced by macrophages may also P450 side-chain at cleavage (Del Punta et al., 1995) .
NO can act as an autocrine regulator controlling many activate iNOS in these cells.
In conclusion, we have demonstrated that the NO/NOS physiological processes, and these effects are mediated by the activation of soluble guanylate cyclase, resulting in the system is localized in cultured PGC and inhibits steroidogenesis via a process independent of cGMP by inhibiting P450 formation of cGMP (Bromberg and Pick, 1980) . However, our results demonstrate that the inhibitory effect of NO on PGC aromatase activity in basal and gonadotrophin-stimulated PGC.
Based on these findings, we strongly suggest that NO may steroidogenesis is not mediated by the generation of intracellular cGMP, because the addition of 8-bromo-cGMP does not modulate the effectiveness of gonadotrophin on granulosa cell functions and play a significant role in controlling intra-ovarian inhibit basal or gonadotrophin-stimulated oestradiol and progesterone production. This inhibitory action of NO, being functions, by acting as one of the intra-ovarian local regulators. More information is needed to determine the physiological independent of guanylate cyclase, is consistent with the previous report using human granulosa-luteal cells (Van Voorhis functions of NO and NOS in the ovary. et al., 1994) .
cNOS is expressed mainly in the vascular endothelium
